Single-layer transition metal dichalcogenides are rapidly rising stars in the family of two-dimensional materials beyond graphene, being studied intensively due to exotic electronic, [1] [2] [3] [4] [5] [6] [7] optical, [8] [9] [10] mechanical, [11] [12] [13] and chemical properties. [14] [15] [16] [17] [18] In particular, single-layer MoS 2 has a direct band gap of $2.0 eV (Ref. 19 ) with high in-plane carrier mobility 20, 21 and on-off current ratio.
2 It therefore performs excellently in electronic and optoelectonic devices 22 as well as in indirect photocatalyzed hydrogen evolution reactions. 23 Moreover, single-layer MoS 2 shows huge spin splitting at the K and K 0 valleys due to strong spin-orbit coupling and inversion symmetry breaking, 24 thus forming an ideal template for exploring valleytronics and valley-dependent optoelectronics. 25 Controlling the properties of single-layer MoS 2 is important to meet the requirements of key applications. It has been demonstrated that an electric field, 26 strain, 27 defects, 28 and the edge structure 29 are effective means for introducing electronic and optical modulations. Specifically, the edge structure has been found to be crucial for optimizing the performance of epitaxial MoS 2 nanosheets. The edge is also responsible for the catalytic activity in hydrogen evolution reactions, 30 which calls for maximizing its exposure by nanostructuring (nanoparticles 31 or nanowires 32 ). Recent experiments have introduced a strategy to fabricate internal edges, i.e., antidots, by heating MoS 2 films in air. 33, 34 However, the exact edge structures have not yet been determined, while there exist pioneering theoretical studies exploring the electronic and magnetic properties of the antidots. 35, 36 Uncovering the edge morphology and properties of the antidots can provide new insights into ways to tailor the carrier type, Fermi level (E F ), and catalytic activity. Antidots in single-layer MoS 2 are likely to offer exciting opportunities to create new functionalities, as demonstrated in graphene. 37 In this article, we therefore present a systematic study of the edge structures of single-layer MoS 2 antidots using density functional theory combined with experiments. We show that the equilibrium morphology is the zigzag (ZZ) Mo edge saturated by 100% O, in a wide range of O potentials. This finding is verified by scanning electron microscopy (SEM). Examination of the electronic structure suggests that the ZZ Mo edge can provide shallow p-doping in single-layer MoS 2 .
First-principles calculations are performed using the Vienna Ab Initio Simulation Package with the spin polarized Perdew, Burke, and Ernzerhof generalized gradient approximation. For simulating antidots, we use a 12 Â 12 Â 1 supercell with a large spacing of 15 Å in the out-of-plane direction to create a two-dimensional model. We have checked that the spacing is sufficient to reduce interactions to a negligible level. A cutoff energy of 500 eV and a 1 Â 1 Â 1 k-mesh are used to optimize the structure until all residual forces remain below 0.02 eV/Å , while a C-centered 2 Â 2 Â 1 k-mesh is adopted for total energy and electronic structure calculations.
Experimentally, MoS 2 is synthesized by the chemical vapor deposition method. We place high purity MoO 3 (99.5%) and S powder (99.5%) on a quartz boat and Al 2 O 3 crucible in a hot-wall furnace, respectively. A SiO 2 /Si substrate is placed on the quartz boat facing downwards. The reaction chamber is heated to 700 C with a rate of 15 C/min in Ar flow (10 sccm In order to calculate the energies of antidots with only ZZ or armchair (AC) Mo edges independently, triangularshaped antidots are used in our simulations. Figure 1 (h) illustrates the antidot construction in a triangular Mo edge cluster, which is commonly created in S-rich conditions. 29, 38 The three edges of the grey triangle correspond to Mo edges of the MoS 2 triangular samples typically observed in experiments. The orientation of the blue/red triangle is identical/ opposite to the gray triangle, illustrating the AC/ZZ Mo edge antidot. The edges can be unsaturated (0% O coverage; Figs In order to estimate the stability of the antidot edges at chemical potentials l O of O, l S of S, and l Mo of Mo, the formation energy is defined as 
Similar to the approach of Ref. 39 , the formation energy of a triangular antidot of size N can be expressed as the edge energy, rðl O Þ, times the number of edge atoms plus the corner energy, ðl O Þ, times the number of corner atoms
When the size of the antidot is small, structural and/or electronic perturbations caused by a stoichiometry change in the system affect the total energy and thus r and e. For large antidots, the total energy is less sensitive to perturbations and we can assume that rðl O Þ and ðl O Þ do not depend on N. According to Eq. (2), X (N, l O ¼ 0) is plotted in Fig. 2 
and X ðN þ 1; 0Þ À X ðN; 0Þ ¼ 3r 0 :
Combination of Eqs. (4) and (5) with Eq. (2) leads to
The term in square brackets describes the change in the number of Mo and S atoms between antidots of sizes N and N þ 1, being 3N -4 and 3N -8, respectively, for ZZ and AC Mo edges. Moreover, DN O is the increment in the number of O atoms from N to N þ 1, equaling 0, 3, and 6 for 0%, 50%, and 100% O coverage, respectively. Consequently, we have 
for ZZ and AC Mo edges, respectively. The formation energies of all antidots are negative, as can be seen in Fig. 2 , indicating that it is feasible to create them by heating MoS 2 in air. 33, 34 The 50%-I configuration is energetically favorable over the 50%-II configuration, which is rationalized by much stronger Mo-O bonding both at the corners and along the edges: The average Mo-O bond lengths of 1.91 Å (corners) and 1.72 Å (edges) in the 50%-I configuration are much shorter than the corresponding values of 2.18 Å and 1.97 Å in the 50%-II configuration. Bader charge analysis, 40 which is an effective tool to calculate the charge on individual atoms in molecules as well as crystals, indicates that both the corner and edge Mo atoms lose more charge in the 50%-I configuration, which lowers the total energy. Thus, only this configuration is considered for 50% O coverage in the following. We note that the theoretical results in this work are based on freestanding single-layer MoS 2 and do not consider the substrate effects present in the experiment. Nonetheless, the interaction between singlelayer MoS 2 and the substrate, such as SiO 2 /Si, 33, 34 is mainly of van der Waals type 41 and thus has little effect on the edge energies of the antidots. Figure 3 displays the edge energy as a function of
, which is zero in O-rich conditions. At high temperature, the Mo and S atoms are converted into MoO 3 and SO 2 gas molecules, 33 is the formation energy of a SO 2 molecule. The straight lines in Fig. 3 are given by Eqs. (5) and (6) . In a wide range of O conditions (Dl O from À1.5 to 0 eV), the ZZ Mo edge with 100% O coverage has the lowest energy, followed by the 50%-I ZZ Mo edge, and the AC Mo edge with 100% O coverage. In O-rich conditions, the 50%-I ZZ Mo edge is energetically more favorable over the AC Mo edge with 100% O coverage. Thus, in O flow 34 the ZZ Mo edge is terminated by an O dimer, shown in Fig. 1(d) , and the AC edge has 100% O coverage with the structure shown in Fig. 1(g ) (much larger energy than the ZZ Mo edge). These results agree well with previous experimental observations that the edges are of ZZ Mo type. 33, 34 Furthermore, based on our findings, the experimental edges are likely to have 100% O coverage and to exhibit O dimer termination in the O-rich environment.
Once the edge energies are obtained, the equilibrium edge morphology can be determined by applying the Wulff construction rule, 42 which is given by
, where r ZZ (r AC ) is the minimum surface energy according to Fig. 3 for the ZZ (AC) Mo edge and d ZZ (d AC ) is the distance of the ZZ (AC) Mo edge to the center of the antidot. In the whole O chemical potential range (Dl O from À1.5 to 0 eV), the morphology is dominated by the ZZ Mo edge with the edge Mo atoms bonded to O dimers, shown in Fig. 4(a) . The average Mo-O bond length and O-O distance at the corners are 1.96 and 2.45 Å , respectively, while the corresponding values along the edges are 1.74 and 2.66 Å . This is much less than the Mo-S bond length (2.41 Å ) and S-S distance (3.13 Å ) in pristine single-layer MoS 2 . Specifically, the Mo atoms bonded to edge O atoms protrude (in-plane) by 0.51 Å , as shown by the black lines in Fig. 4(a) .
A simulated scanning tunneling microscopy image of the ZZ Mo edge terminated by O dimers (N ¼ 8) is shown in Fig. 4(b) . We observe two bright triangular features around the antidot, whereas the other regions appear dark. The bright areas are likely to serve as active sites due to high charge density, which facilitates charge transfer to the reactant molecules. 43 The inner bright triangle corresponds to the O atoms, with more intensity at the corners (O p z contributions) than along the edges (O p x /p y contributions), and the outer triangle on the S atoms, displaying p x /p y features. The intensity decreases gradually from the edges to the corners due to a structural effect: The protrusion of the edge Mo atoms weakens their bonding to the edge S atoms.
To validate our predictions, SEM is applied to a singlelayer MoS 2 sample after exposure to air at 100 C for 10 min. Figure 5(a) shows an optical image of the as-prepared sample. We observe a triangular shape with ZZ S edges. 29, 38 According to the Raman spectrum of the as-prepared sample in Fig. 5(b) , the Raman shifts of the E 2g and A 1g modes are 386.3 and 407.2 cm
À1
. The difference of 20.9 cm À1 indicates that sample is single-layered. 44 The samples show cracks after heating, see antidots. The inset in Fig. 5(d) reveals that the antidots are oriented oppositely to the triangular shape of the single-layer MoS 2 samples, which suggests that we have ZZ Mo edges according to our theoretical prediction.
To explore potential applications, total densities of states of a MoS 2 single-layer with ZZ and AC Mo edge antidots covered by 100% O are shown in Fig. 6 as a function of the antidot size. The main features of the band edges are largely maintained, while defect states appear in the band gap. For the ZZ and AC Mo edge antidots, respectively, E F is shifted from the middle of the band gap (ideal single-layer MoS 2 ) towards the valence and conduction band, which reflects p-and n-doping. Since in the former case, E F is located closer to the band edge, the p-doping is shallower than the n-doping. Increasing the size of the antidots enhances the doping effects and gradually gives rise to metallic features, as shown by the finite density of states at E F for N ¼ 10. In addition, we find that O vacancies along the edge are energetically strongly favorable over those at the corners, for example, À0.68 versus 1.47 eV for the N ¼ 8 ZZ Mo edge antidot. The negative value suggests that O vacancies are likely to exist along the edge. O vacancies induce hole states at the valence band edge as shown by the blue arrow in Fig. 6 , and therefore enhance the p-doping. It has been reported that n-type single-layer MoS 2 transistors can be fabricated with relative ease, while realization of p-type devices remains challenging. 44 Our results establish not only the edge structures of O etched antidots but also suggest that O etching is able to p-dope single-layer MoS 2 . In O-rich conditions, the antidot will grow with time, especially at higher temperature.
We have investigated the edge structures of antidots in single-layer MoS 2 using a combination of calculations based on density functional theory and SEM experiments. The theoretical edge energies reveal that the equilibrium morphology is likely the ZZ Mo edge with 100% O coverage. This prediction is verified by SEM, which also shows that the triangular antidots are oriented oppositely to the triangular single-layer MoS 2 samples. Further examination of the electronic structure suggests that O etching is able to p-dope single-layer MoS 2 . 
